In this study, we demonstrate the phosphor-free hybrid white LED devices with the combination of the truncated-hexagonal-pyramid (THP) structures and quantum dots (QDs) (THPQD). In the THP structures, it is noted that the broad spectrum can be obtained from different microfacets. Moreover, the THP structures make the far-field viewing angle decrease by ∼45.4°and improve the light extraction efficiency compared with the traditional LED. The simulations also show that the light extraction efficiency of the THP LED is as approximately seven times as high as that of the traditional LED. Furthermore, by controlling the selective area growth (SAG) and adding QDs, the white emission can be realized from the THPQD LED with high color-rendering index (CRI). The CRI of the THPQD LED is from 71.2 up to 87.2 with the change of driving different current and its correlated color temperature covers the scope from 4845 to 5877 K.
Introduction
In recent years, GaN-based white LEDs have received much attention and been widely used in solidstate lighting [1] - [3] . The LEDs have many advantages including small size, energy conservation, long lifetime, low power consumption, high efficiency and so on, which also can be used as the next generation light sources to replace the standard incandescent lamps [4] - [6] . To date, there are two methods to acquire white LEDs. One is the combination of red-green-blue (RGB) chips to emit white light, and the other is phosphor-converted (PC) LEDs by adding phosphors on top of blue or UV LED chips to enable white LEDs. The RGB-LEDs have the complicated feedback control system. For the PC-LEDs, because the wavelength conversion process occurs in the phosphors, their power and efficacy are usually reduced [7] . What's more, the PC-LEDs have a low color rendering index owing to red emission deficiency in the visible spectrum. In addition, the PC-LEDs have other issues still to be required consideration such as the self-absorption of the phosphors, the low efficiency of the energy transfer from the blue or UV LEDs to the down-conversion phosphors, the degradation of phosphors, poor color-rendering index and so on [8] . In short, the white LEDs have received a great deal of attention and there are a few ways to obtain white LEDs without using phosphors.
Currently, in order to achieve phosphor-free white LEDs, dual-wavelength [9] , [10] and threedimensional (3D) [11] , [12] GaN structures have been studied by using metal organic chemical vapor deposition (MOCVD). Especially, selective area growth (SAG) is a promising technique in creating semipolar and/or nonpolar GaN facets to fabricate white LEDs [13] . In principle, InGaN/GaN quantum well (QW) with suitable In contents and well widths can be used for covering the whole visible range. By SAG technology, 3D multifaceted GaN structures can be obtained, and highly-efficient long wavelength and white emission are realized. In addition, the white LEDs obtained by SAG technology to grow 3D structures have the several advantages: (1) The nonpolar and/or semipolar facets are exposed by SAG technology to grow 3D structures, and growing 3D structures also can incorporate different indium compared with traditional planar facet, which obtains broadband emission or multi-color emission [14] . (2) For higher In composition in the traditional (0001) c-plane QWs, there is a strong piezoelectric field, which causes the strong quantum confined Stark effect (QCSE), even leading to lower emission efficiency [15] . On the contrary, the QCSE can be reduced by using semipolar and/or nonpolar facets [16] - [18] . (3) The graphical interface can change the direction of optical beam in 3D structures, so that the more emitting light of total reflection has the opportunity to emit to the outside of the device [19] , [20] . To date, by SAG technology, a series of 3D multifaceted GaN structures can be obtained, and highly-efficient long wavelength and nearly white emission are realized. Recently, Young-Ho Ko et al. realized the hexagonal annular structures [21] by SAG technology and Binglei Fu et al. tried the micro-pyramid structures [22] to obtain multi-color emission. Seung-Hyuk Lim et al. grew the pyramid structures with a truncated hexagonal pyramid surrounded by a hexagonal ring, which emitted nearly white emission with the color rendering index (CRI) value of R a up to 75 [20] . In addition, there are hexagonal-annular-microrings structures with on Si-implanted GaN templates [23] , concave-annular-microrings structures [24] , dodecagonal ring structures [25] and so on. Although these 3D structures have different thicknesses and indium compositions in active region leading to broadband emission or multi-color emission, there are still severe CRI problems for them. In order to realize white light or nearly white light and achieve high CRI LEDs, it is necessary to get the proper polychromatic spectral distribution from the LEDs. The key issue is how to success in efficient green, yellow or red emissions.
To overcome the aforementioned problems, we demonstrate a phosphor-free hybrid white LED device with the combination of the truncated-hexagonal-pyramids (THP) structures and the quantum dots (QDs) (THPQD). This method not only can avoid the drawbacks of using phosphors, but also can tune the composition of In in the QW making the sidewall and the upper surface of the THP structures emit different lights. Furthermore, the high CRI hybrid LED can be achieved, with the value of from 71.2 up to 87.2 under driving different currents.
Experimental Details
In this experiment, phosphor-free hybrid white LEDs were grown on a c-plane (0001) sapphire substrate by MOCVD. After the deposition of a low-temperature nucleation layer, it was to grow the Si-doped n-GaN layer. To obtain the THP structures, a 200 nm thick SiO 2 mask layer was deposited on the c-plane n-GaN template. The holes were defined by the photolithographic mask. Then the n-GaN of the THP structures were grown at 1045°C and 200 Torr followed by the active region. The active region consisted of nine periods of InGaN/GaN multiple quantum wells (MQWs) grown at 740°C while the barriers were grown at a higher temperature of 810°C under 250 Torr. Then AlGaN electron blocking layer and p-type doped GaN layer at 950°C were epitaxially grown on MQWs. To fabricate THP LEDs, an indium-tin oxide (ITO) layer was deposited as a transparent current-spreading layer on the p-GaN layer. Then, the ITO was wet etched, p-GaN, MQWs and SiO 2 layers were etched away by inductively coupled plasma (ICP) until the n-GaN layer was exposed for n-type Ohmic contact formation. For the p-type and n-type electrodes, Cr/Al/Ti/Au layers were locally deposited on the surface of the ITO layer and the n-GaN layer, respectively. The fabricated THP chip size was 1.2 mm × 1.2 mm. The 530 nm (CdSe/ZnS core-shell), 570 nm (CdSe/ZnS core-shell) and 630 nm (CdSe/CdS/ZnS core-shell-shell) QDs (The diameters of the QDs are about 10 nm) were soluble in toluene to fabricate a certain ratio of QDs what we want. After mixing QDs with silicone resin, dispensing, curing at a higher temperature of 130°C and blocking processes, a certain ratio of QDs were filled between the THP structures as shown in Fig. 1(a) . The optical and electrical properties of the THP and THPQD LEDs were also discussed. Fig. 1(b) shows the scanning electron microscopy (SEM) image of THP LED structures. It can be seen that the THP arrays are composed of six equivalent semipolar side facets and a cplane (0001) because of the hexagonal wurtzite crystal symmetry of GaN. The morphology of the THP structures is almost identical, showing good homogeneity of growth process, while the GaN nucleation on the SiO 2 mask can be ignored. The angle between the inclined side facet and the bottom surface is approximately 62 degrees as shown in Fig. 1(c) , meaning that the inclined side facet is the semipolar {10-11} side facet. The center-to-center distance between the THP structures is approximately 13 µm. The diameter of the THP structures is approximately 5 µm for the top surface and approximately 10 µm for the bottom surface, and the height is approximately 5.2 µm.
Results and Discussion
As shown in Fig. 2(a) , the electroluminescence spectrum (EL) of the THP LED driven under different currents reveals the broadband and two-color emission of the THP LED, with a range of 425-550 nm. The light emitted has clearly changed from green to blue when the current is increased from 10 mA to 250 mA. At a relatively low current of 10 mA, the broad spectrum peak is produced from THP LED which is centered at about 480 nm (green peak). The blue peak appears at approximately 455 nm when the injection currents are higher than 50 mA. As the injection current further increases, the position of the green peak is blue-shifted due to Coulomb screening of the QCSE induced by the piezoelectric polarization and band filling effect [26] . However, the position of the blue peak is almost independent of the injection current. As the current increases, the peak intensity of the blue and green emissions both increases, but the peak intensity of the blue emission increases faster than the green emissions. This observation indicates that the two emission peaks may come from different areas within each THP structure.
To distinguish the origin of the blue and green emissions within THP structure, microscopicphotoluminescence (microscopic-PL) is measured under room temperature. The microfacets of the each THP structure are examined by microscopic-PL spectroscopy with a beam spot size of about 2 µm and the tested results are shown in Fig. 2(b) . Here, two peak wavelengths come from InGaN/GaN MQWs grown on different microfacets. The peak wavelength from the MQWs on the {10-11} facet is approximately 455 nm, while the emission from MQWs on the c-plane (0001) shows longer wavelength of 480 nm. The c-plane (0001) is believed to have thicker InGaN well-thickness and higher In composition than semipolar {10-11} microfacets [27] , because the diffusivity of indium atoms on the {10-11} side facets is larger than the c-plane (0001). Moreover, the {10-11} side-facets are made up of nitrogen terminated sites and the c-plane (0001) consists of gallium terminated sites, therefore the surface energy on the c-plane (0001) is lower than that of the {10-11} side-facets. In addition, the diffusivity of gallium atoms at the {10-11} side-facets is also larger than the c-plane (0001), similar to indium atoms as mentioned previously [28] . As a result, compared with the {10-11} side-facets, more indium atoms migrate into the c-plane (0001), and the total thickness of the active region on the c-plane (0001) is larger. In a word, the result of the microscopic-PL is good agreement with the result of EL, which reveals large polarizationinduced electric fields in the MQWs grown on the c-plane (0001) GaN compared with those grown on semipolar facets.
To further explore the function of the THP structures, the light output angular distribution of the THP LED and traditional LED are measured at a driving current of 350 mA as shown in Fig. 3 and the intensity has been normalized. The viewing angles (where light emission intensity is 50% of the maximum) for the THP LED and traditional LED are ∼95.3°and ∼140.7°, respectively. The larger viewing angle observed for traditional LED implies that the light confined in the LED chip is extracted from edge of the chip or of the sapphire substrate after multiple scattering or reflection events [29] . For the THP LED, the light is effectively redirected to the top escape-cone of the LED through inclined sidewalls and SiO 2 . Meanwhile, the light confined in the THP LED chip is extracted from the edge of the inclined sidewalls, THP structures serve as the diffraction layer and effectively redirect most of the light to the upper portion of the chip, resulting in the smaller viewing angle. The light extraction enhancement is considered as a consequence the combined effects of light wave guiding, surface texturing and geometrical shaping. To better understand the improvement of PHC on light extraction, we also use three-dimensional finite-difference time-domain (3D-TDFD) simulation to study the intrinsic nature of high light extraction efficiency of the THP LED.
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Phosphor-Free Three-Dimensional Hybrid White LED Fig. 4(a)-(c) show the simulated cross-section electric field distribution when the light sources are set in the c-plane MQW as well as the incline facets MQW of the THP LED, and the planar facet MQW of the traditional LED, respectively. As shown in Fig. 4(c) , for the traditional LED, photons emitting outside scope of the critical angle are completely reflected at the GaN/air planar interface. Thus, most of the light emitted from MQWs is trapped within the GaN layer, resulting in the huge light loss. On the contrary, for the THP LED, there are six inclined sidewalls and a c-plane. Each plane correspond to a different escaped cone. Therefore, compared with the traditional LED, the odds of light escaping from the THP LED is increased by six times. It can be observed from Fig. 4 (a) and 4(b) that the light is emitted from both the sidewall and c-plane. And the light also can be diffracted into the outside space by the interface between surfaces. As a result, the simulated light extraction efficiency are 78.51%, 72.76% for the c-plane MQW and the inclined facets MQW THP LED and 10.95% for the traditional LED, which reveals the light extraction efficiency of the THP LED is approximately 7 times as high as that of the traditional LED. The result indicates more light is extracted from the THP structures because total reflections are reduced by incorporating the THP structures.
However, the THP LED just realizes a broad wavelength range of light emission and still has a poor CRI because the spectrum does not completely cover the range of visible light. QDs have typical optical properties of narrow, tunable, symmetric emission spectrum and photochemically stable [30] - [32] . Therefore, we add a certain ratio of QDs into THP LED, so that the emission peaks can be broadened to increase the CRI. Fig. 5(a) shows the variation coordinates in the Commission Internationale de L'Éclairage (CIE) chromaticity diagram which are taken from THPQD LED after adding QDs under different currents (10 ∼ 350 mA). The range value of CRI is 71.2 ∼ 87.2. In addition, these points range from 4845 K to 5877 K in the correlated color temperature (CCT), fully locating in the white region. The CRI firstly increases and then decreases with the increase of current. At a relatively low current, there is only one green peak. The blue peak appears when the current increases, and the spectrum becomes broadened, leading to the CRI increases. As the current continues to increase, the intensity of the blue and green peaks both increases. However, the blue peak is almost independent of the injection current, whereas the green peak is blue-shifted. Thus, it will lead to the fact that the spectrum becomes narrowed, resulting in the decrease of the CRI. It can be concluded that the broader the spectrum is, the higher is the value of the CRI.
The inset of Fig. 5(b) shows the normalized spectrum of the THP LED and the traditional LED under a current of 50 mA. It can be seen that the spectrum of THP LED is wider than that of the traditional LED. After adding QDs, the THPQD LED is wider than the traditional LED with QDs as shown in Fig. 5(b) . Its spectrum cover the visible range, and is very close to the ideal white LED. The white emission of the THPQD LED has a high CRI value of R a = 87.2 with T c = 4845 K, which is located at (0.3518, 0.3741) in the 1931 CIE chromaticity diagram as shown in Fig. 4(c) (the red  triangle) . The CRI of the THPQD LED is high in comparison to the traditional white LED with QDs, which has CRI value of R a = 79.2 (the green square). And the THPQD LED and the traditional LED with QDs are wider than that of the traditional phoshors-based white LED (traditional LED + yellow phoshors) which has CRI value of R a 74. It also indicates the THPQD LED could be used as a white LED to replace the incandescent lamp.
Conclusions
In summary, the phosphor-free three dimensional hybrid white LED device with the combination of the THP structures and QDs has been successfully fabricated. THP LED not only broadens the spectrum, but also makes the far-field viewing angle decrease by ∼45.4°and improves the light extraction efficiency compared with traditional LED. At the same time, we also use 3D-TDFD simulation to verify that the light extraction efficiency has been effectively improved. Furthermore, contrary to the traditional designs of 3D structures, the THPQD LED has a high CRI which cover more the range of visible light. The THPQD LED has been realized with a high CRI above 71.2, up to 87.2, covering different CCT ranging from 4845 K ∼ 5877 K, which closes to the ideal white LED. We expect this approach to be a promising candidate for producing highly efficient phosphor-free white LEDs with a high CRI.
